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TECHNICAL NOTE D-353

EXPERIMENTAL DETERMINATION OF THE RECOVERY FACTOR AND
ANALYTTICAL SOLUTION OF THE CONICAL FLOW FIELD FOR
A 20° INCLUDED ANGLE CONE AT MACH NUMBERS OF 4.6
AND 6.0 AND STAGNATION TEMPERATURES TO 2600° R

By Frank A, Pfyl and Leroy L. Presley
SUMMARY

The local recovery factor was determined experimentally along the
surface of a thin-walled 20° included angle cone for Mach numbers near
6.0 at stagnation temperatures between 1200° R and 2600° R. In additionm,
a similar cone configuration was tested at Mach numbers near L.5 at
stagnation temperatures of epproximately 6120 R. The local Reynolds
number based on flow properties at the edge of the boundary layer ranged
between 0,1x10% and 3.5%X10* for tests at temperatures above 1200° R and
between 6X10% and 25x10% for tests at temperatures near 612° R,

The results indicated, generally, that the recovery factor can be
predicted satisfactorily using the square root of the Prandtl number.
No conclusion could be made as to the necessity of evaluating the
Prandtl number at a reference temperature glven by an empirical equation,
as opposed to evaluating the Prandtl number at the wall temperature or
static temperature of the gas at the cone surface.

For the tests at temperatures above 1200° R (indicated herein as
the tests conducted in the slip-flow region), two definite trends in the
recovery data were observed - one of 1ncreasing recovery factor with
decreasing stagnation pressure, which was associated with slip-flow
effects and one of decreasing recovery factor with increasing temperature.
The true cause of the latter trend could not be ascertained, but it was
shown that this trend was not appreciably altered by the sources of
error of the magnitude considered herein.

The real-gas equations of state were used to determine accurately
the local stream properties at the outer edge of the boundary layer of
the cone. Included in the report, therefore, is a general solution for
the conical flow of a real gas using the Beattie-Bridgeman equation of
state, The largest effect of temperature was seen to be In the terms
which were dependent upon the internal energy of the gas. The pressure
and hence the pressure drag terms were unaffected.



INTRODUCTION

The transport of energy across the boundary layer surrounding bodies
in flight has been the subject of intensive theoretical and experimental
study. A significant number of the studies have been concerned with the
amount of availeble energy absorbed by the bcdy; hence the recovery-
factor term has become considerably important. Although various theories
have been developed for the prediction of the recovery factor, a lack
of experimental data exists for high Mach nunbers at the correct flight
enthalpy levels.

The various theories as developed can be divided into two main
groups. The first of these is applicable at low speeds (Mach numbers
below 3.5). In these theories (see refs. 1, 2 and 3) air was considered
to be a perfect gas with thermodynamic and transport properties invariant
with temperature. This assumption led to the results of Crocco (refr. 1)
who found that the recovery factor for a laminar boundary layer was
predicted by the square root of the Prandtl rumber. A conclusion of this
analysis was the invariance of the recovery factor with flight Mach
number and Reynolds number.

The second approach was necessitated by the advent of flight speeds
greater than Mach numbers of 3.5 wherein the assumption of constant
thermodynamic and transport propertlies was nc longer valid. Several
authors (refs. 4 through 7), upon examining the basic energy transport
processes, found, first, that the enthalpy rather than the temperature
of the gas must by used in evaluating the recovery factor; secondly, the
recovery factor for a laminar boundary layer zould still be predicted by
the square root of the Prandtl number, providsd the Prandtl number is
evaluated at a proper reference temperature. This approach then accounted
for the real-gas effects (up to dissociation) and indicated that the
recovery factor would be a function of both ta=mperature and Mach number
(see ref. L).

The present investigation provides data showing the local recovery
factor along a 20° cone at a free-~stream Mach number near 6.0 and stag-
nation temperatures up to about 94 percent of flight stagnation tempera-
tures. The data obtained are compared with tae square root of the Prandtl
number. The Reynolds number range of the tesss conducted at high
temperatures falls near the middle of the region defined by Tsien and
others (see ref. 8) as the slip-flow region; :onsequently, the relations
which can affect the recovery factor in slip “low are used. In the
continuum region some data for a 20° cone at Mach numbers near 4.50 and
temperatures of about 612° R are presented.,

In the analysis of the high-temperature data, it was believed
necessary to have accurate information concerning the conical flow field.
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Consequently, a general solution for the conical flow using the Beattie-
Bridgeman equation of state was developed to provide the needed
information, and this solution is included herein (see appendix A).

NOTATTON

A area, ft2
a speed of sound, ft/sec
Cp skin-friction coefficient
Cx dimensionless heat-transfer coefficient
p specific heat at constant pressure,l Btu/lb °r
Cy specific heat at constant volume, Btu/1b °r
h enthalpy,2 Btu/lb
K correction term (defined in eq. (B23) or in eq. (A10)
Kn Knudsen number
k thermal conductivity,® Btu/ft hr °R
k* dependent variable given in equation (9)
1 length of cone, ft
M Mach number
m model wall thickness perpendicular to model axis, ft
Pr Prandtl number, E%E
D pressure,® 1b/ft?2
A heat transfer rate Btu/hr
Re Reynolds number, E§§

IWithout subscript m, the values for cp, k, and p pertain to
air.

2yithout subscript t, the values for p, T, h, and p denote
statlc conditlions



R gas constant, ft-1b/1b °R

h,.-h T..-T
r recovery factor, r ¢= r.¢c (for cp assumed constant)

ht_-he Ty -Tg

T absolute temperature,® °R
t temperature, °F
o) veloclity, £t/sec
X mole fraction of particular species in a mixture of gases
X distance along model longitudinal axis, ft
v coordinate perpendicular to x axis, ft
7 ratio of specific heats, ;E
€ emissivity
9 radius vector angle from axis of symm=try, deg
O+ characteristic temperature of vibrations, °Rr
" viscosity, 1b/ft-hr
E dependent variable given in equation i9)
P density,1,2 1b/rt3
T time, hr
() cone half angle, deg
Subscripts
< conditions at outer edge of the bounde.ry layer along the cone
surface
m model material
n normal to radius vector
s shock wave

DOHW >
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t total conditions (i.e., conditions that would exist 1f the gas
were brought to rest isentropically)

tr transverse curvature

w conditions at the wall or surface of the model

0 free-stream conditions

6 a particular radius wvector

( )ZF conditions employing zero flow and nearly zero pressure

Superscripts

— slip flow; ideal gas flow in appendix A

! quantities evaluated at the reference temperature T' (see eq. (6))

DESCRIPTION OF APPARATUS

Wind Tunnels

In this investigation two different wind tunnels were used to test
two similar models. For the tests conducted at high temperatures, herein
referred to as the hot-flow tests, a pebble-bed heater was employed in
conjunction with the Ames Low-Density Wind Tunnel. Where the stream
stagnation temperatures were just high enough to prevent liquefaction
of the air components the tests were made In Ames 10- by lbh-inch tunnel
and are referred to as the cold-flow tests.

Hot-flow tests.- These tests were conducted in a Mach number 6.0,
low-density, high-temperature wind tunnel (fig. 1) which had as a heat
source zirconium=~oxlde pebbles (dia. = 3/8—inch) heated by natural gas
burners. The pebbles were allowed to reach a maximum temperature of
4000° F. Surrounding the pebbles was an inner liner of Insulating
refractory which was contained in a steel shell fabricated in several
sections. At the bottom and top of the shell, openings were provided
for the entrance of the cold-storage alr. A clrcular steel nozzle was
placed in the center section of the steel shell. The nozzle, whose
internal contours were obtained by the method of characteristics for a
cold-flow Mach number of 6.0 (boundary-layer corrections applied), had
an exit diameter of 4.296 inches and a throat diameter of 0.458 inch,
and was 15.20 inches long. A water jacket surrounded the entire nozzle
to keep the inner walls cool. The model was placed In an open-jet-type
test section. Downstream of the test section a converging-type diffuser




was used to decelerate the flow. The air, uron leaving the diffuser,
was cooled by a water Injection system, and the desired back pressure
was regulated by a flve-stage steam-ejector csystem.

Cold-flow tests.- The Ames 10- by 1lk-Inch Supersonic Wind Tunnel
was used for these tests. A complete description of the tunnel is glven
in reference 9.

Models and Instrumentation

Hot-flow tests.- The model used in these tests was a 20° Included
angle cone fabricated from type 416 stainless steel. A sketch of the
model 1s shown in figure 2(a). The configuration was mounted on a
transite end-plug locked to a hollow stainless-steel sting. (The
transite material was used for the end-plug t> insure negligible heat
conduction losses out the base of the model.) Care was taken to prevent
nonuniform circumferential heat conduction by maintaining a uniform wall
thickness (the wall thickness was 0.025 in.). In order that a relisble
value of emlssivity could be used over the temperature range encountered,
the external and internal surfaces of the mod:l were plated with a thin
coating of pure nickel and then "flashed" wita platimm (ends of
thermocouple were covered by the plating).

Chromel~-alumel thermocouples were embedd:d along the surface of the
model and in the radiation shilelds which are shown in flgure E(a).
Chromel-alumel was used because of 1ts proven performance for measuring
temperatures over a range from --300o to 2500° F. The thermocouple leads
(wire size was No. 28 B and S gage) were brouzht out the sting and
connected to indicating microvolt potentiomet:rs. To insure consistent
readings throughout the investigation, the moiel thermocouples were
calibrated before and after each test against known controlled tempera-
tures. During the tests the temperature-time history of the cone surface
temperatures was obtained by photographing th: indicating dials on the
potentiometers. A TO-mm motion-plcture camers capable of 20 frames per
second was used with an electric timer placed in view of the cemers.

A traversing mechanism inside the test chamber provided means for
mounting several models and/or probes and mov.ng these individually into
the center of the air stream. The model for these tests was always
placed at zero angle of attack with respect to the geometric center line
of the nozzle.

The total temperature of the hot-flow ai: stream was measured by an
aspirated double-~-shielded chromel-alumel thermocouple probe shown in
figure 3. The thermocouple leads from the proube were connected to a
standard potentiometer which was initially balanced against a standard
cell. Concerning the measurement of the stagnation temperature, it was
realized that effects such as radlation, conduction, and boundary-layer

OHW >
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phenomena along the probe could cause significant errors in cbtaining a
true stagnation temperature reading. The probe was designed to prevent
these effects from influencing the true stagnation readings (see ref. 10
for a discussion of these types of temperature effects), and the
thermocouple was calibrated against known temperatures.

The free-stream static pressure in the test section (assumed constant
across the test section) was measured at two stations. One station, a
wall orifice, was located l/2—inch upstream of the nozzle exit. At the
other statlon, two probes (alined perpendicular to the nozzle center
line) were located just aft of the nozzle exlt and out of the nozzle
flow. The pressures at the wall orifice and one exit probe were recorded
on Pirani gages. The other exit pressure was measured with a MclLeod
gage (see ref. 11 for a description of these gages). The stagnation
pressure of the entering flow was measured by a standard U type mercury
manometer.

Cold-flow tests.- The model used in the 10- by lhi-inch wind tunnel
was also a 20° included angle cone fabricated from type 416 stainless
steel (fig. 2(b)). The model was sting-mounted in the tunnel test
section at 0° geometric angle of attack.

The several temperatures along the surface were also measured with
chromel-alumel thermocouples embedded at the various stations along the
model (see fig. 2(b)). The thermocouple leads were connected to indlcating
microvolt potentiometers and the system was calibrated in the same
manner as was indicated in the previous description of hot-flow tests.
Instrumentation for determining total temperature and Mach number has
been discussed in reference 9.

TEST PROCEDURE

Hot-Flow Tests

The tunnel was operated between temperatures of 1200° and 2600° R
at stagnation pressures of approximately 6.6 and 12.4 psia. For each
test condition the flow was assumed stabilized when the static-pressure
data recorded by the one McLeod and two Pirani gages were identilcal.
The Mach nunber was determined from the ratio of static- to total-
pressure data. (Corrections were applied for the effect of caloric
imperfections on the ratio of static pressure to total pressure.) Also,
the Mach number was checked during several high-temperature runs by a
flow visualization method in which the angle of the oblique shock
originating at the cone apex could be obtained within +0.2°, For all
runs the average Mach number was found to be 5.92 with a maximum
deviation of £0.12.



When the flow was established, the shielded thermocouple (total~
temperature probe) was placed in the center o7 the air stream, and the
total temperature was recorded. The probe was removed and the model
was rotated into position. The temperature o’ the model was then
measured continuously until it remained constunt with time at all stations
(three surface and two radiation shield tempe:atures). Upon reaching
equilibrium (approximately 10-13 minutes) the model was removed from the
hot stream and the total temperature probe agaln was placed in the hot
stream. The temperature of the hot stream was taken as the average of
the two temperature probe readings. The difference between these
readings was never greater than 60° F (a function of temperature
distribution in the heater), but for 80 percent of the runs the
difference was less than jO6 F

To determine the cone external radiation losses to the surroundings,
the model was allowed to cool under conditions of zero flow and nearly
zero pressure. For these tests the model was brought up to equilibrium
temperature. Then, the tunnel pressure was quickly reduced to a pressure
of less than 10 mlcrons of mercury and the flcw was shut off. Data were
recorded continuously up to the time at which the model was within 50°
to 100° F of its environmental temperature (usually a time interval of
approximately 20 minutes). It was observed diring these tests that the
internal radiation was approximately zero since the temperature of the
outer radiation shleld was approximately the came as the temperature of
the cone (see appendix B for the derivation of the radiation heat loss).

Cold-Flow Tests

In the 10~ by li-inch wind tunnel the data were obtained at Mach
numbers between 4.4l and %.59 (in conjunction #ith a different investi-
gation) and the total temperature of the air, heated electrically, was
of the order of 612° R. The Mach number was cilibrated and adjusted as
indicated in reference 9. It was believed that these data would be
representative of cold-flow data obtained at M = 6.0 1in the continuum
flow region since the difference in Mach number should have no slgnificant
effect on the recovery factor.

In these tests, after several minutes the model reached equilibrium
(assumed zero external and internal radiation losses) and the potentiom-
eters which indicated the surface temperatures were photographed.

REDUCTICN OF DATA

Hot=Flow Tests

Gas properties.- In the analysis of the acrodynamic heat-transfer
measurements made during the present investigation, 1t was necessary to
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determine the local stream properties at the outer edge of the boundary
layer of the cone. Because of the high temperatures encountered during
the present tests, the gas can no longer be considered thermally and
calorically perfect (ideal) and real-gas equations of state must be

used; thus a general solution for the conical flow of a Beattie-Bridgeman
gas was developed. This solution is included in appendix A, and for
comparison purposes table IT shows the ideal and real-gas properties

(up to dissociation) at the outer edge of the boundary layer for several
cone angles at various temperature levels.

Recovery factor.- As mentioned previously, the significant quantity
defining the recovery factor for high-temperature flows is the enthalpy
of the air rather than the temperature., Thus the recovery factor is
given by

hy-h,

B e .

T =

The enthalpy terms h, and h@m refer to characteristics outside

the boundary layer and in the free stream, respectively, and were
calculated from the flow solutions developed in appendix A and from the
wind-tunnel flow properties. The quantity h,. 1s the recovery enthalpy
and 1s defined as the enthalpy of the air at the surface under the
condltions of no heat transfer to or from the surface. The latter
condition did not exist during the present Investigation. Furthermore,
the skin temperature of the cone rather than the enthalpy of the surface
alr was measured. It was necessary, therefore, to develop an involved
set of equations to reduce the skin~temperature data to the desired
recovery enthalpy. The development and discussion of the equations 1s
presented 1n appendix B.

Briefly, the equation for the recovery enthalpy developed in
appendix B can be written

hy. = hy + K (2)

where K may be considered a correction term, and accounts for the
following effects:

(1) Rediation heat transfer from external and lmternal surfaces of
the cone

(2) Convective heat transfer to the cone

(3) Conductive heat transfer along the cone in the longitudinal
direction

In the derivation of K, account was taken of the fact that the
Reynolds number was sufficiently small for the flow to be in the slip-flow
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station was the same for five different Mach mmbers tested between

k.41 and 4.59, and observation shows the axial temperature gradient -
along the cone to be negligible. The trend in the recovery factor

(figs. 6(b) and 7) was found to be simllar to “hat established in other
cold-flow tests (see ref. 2); that 1s, the recovery factor is essentlally
independent of Mach number and Reynolds number, and for laminar flow can
be predicted by the square root of the Prandtl number. Both the low
value of the local Reynolds number, Re < 2.5X1)5, and the close

agreement of the experimental data and the Nﬁ?? rule for the recovery
factor in laminar flow, indicate that the flow over the cone was
definitely laminar.

Hot-Flow Tests

=W >

The results of the hot-flow tests are presented in flgures 8
through 11. In figure 8, distributions of surface temperature along
the model are shown for each test condition. The time history of the
surface temperature is given in figure 9 for cne representative test
condition. The recovery factors calculated from the basic data of
flgures 8 and 9 are presented in figures 10 anl 11 as functions of
stagnation temperature and Reynolds number (based on T'), respectively.

The recovery factors shown in figures 10 and 1l are in fair agree-
ment 1n magnitude with the square root of the Prandtl number. However,

because of the spread of the data, no unigue egreement with either ~Pr'

or~NPr, can be established GJPrC = 0,85). The data presented in

figure 10 also Indicate two consistent trends, one of increasing recovery
factor with decreasing pressure, and one of decreasing recovery factor
with increasing temperature. These trends will be discussed in the
following paragraphs.

Effect of pressure on recovery factor,- The trend of Increasling
recovery factor with decreasing pressure (stagnation temperature constant)
seems to be in agreement with the present thecrles. The over-all effect
of lowering the Reynolds number from the range assoclated with continuum
flow, through the transltion and slip~-flow reglimes and Into the free-
molecule-flow regime is to raise the recovery factor gradually from 1ts
continuum value (r %= 0,85, assuming laminar fow) to its free-molecule-
flow value (r_z 1.0, see ref. 8). For the present investigation, a
reduction of stagnation pressure at constant stagnation temperature
lowered the Reynolds mumber. Since the Reynolids numbers are in the
slip~flow range (see fig. 4), an increase in ‘he recovery factor with
decreasing pressure would be expected. Also, 1t was ascertalned that
the assumptions involved in the data reducticn have little effect on
this trend.
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Effect of temperature on recovery factor.- The other trend apparent
in figure 10 is that the recovery factor decreased with increasing
temperature. Thils trend is contrary to what might be expected in the
slip~flow reglme, as discussed previously, since the Reynolds number
decreased with increasing temperature (constant pressure). From the
data of the present investigation, however, 1t is difficult to ascertain
the true cause of this trend. The data may represent the actual effect
of temperature on recovery factor at higher temperatures or an apparent
effect resulting from uncertainties in the experimental measurements
or the assumptions involved in reducing the data., To see the effect of
the varlous factors that may contribute to this result 1t is necessary
to review briefly the basic nature of the lnvestigation and to consider
the assumptions involved in the data reduction,

The determination of the recovery factor (given by eq. (l)) is
dependent upon a knowledge of the wall enthalpy under conditions of
continuum flow and no heat transfer, For investigatlions at elevated
temperatures wherein the model surface becomes heated and thus radiates
energy, it is necessary eilther to cancel the radiation or to formulate
an energy balance equation to determine the adisbatic wall enthalpy h,.

Since the latter approach was taken, the value of the actual
convective heat transfer dQCtr was determined (all the terms except
dﬁétr in the energy balance equation (B21) could be evaluated from the

experimental data). The classical continuum convective heat transfer,
then, was obtained from

dﬁétr
3

dQe = (8)

where £ 1is a variable and accounts for various effects of the low=

density high-temperature flow field. In particular, for this investigation,

£ included the effects of changes in boundary-layer thickness, velocity
profile, Maxwell reflectlion coefficlent and thermal accommodation
coefficient.

Once the classical heat transfer is known, the recovery factor in
terms of the actual heat transfer, 1s expressed as

Q.
t
_EE¥£ + hy-he
r = (9)
by_-h,

where dQCtr/gk*' 1s equal to X (see eq. (2)) and is given by equation

(B24). (The term k* is a function of the geometry and the flow field .
properties, and is, in effect, related to the classical heat-transfer
coefficient.)
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Since the assumptions involved in evaluating the term £ can affect
the value of the recovery factor, 1t 1s worthwhile to see what effect
reasonable variations in these assumptions have upon the recovery-factor
data presented herein. The first assumption involved the boundary-layer
thickness. The boundary-layer thickness was evaluated by an empirical
equation, (B19) . If this thickness were thinrer by either 15 or 75
percent from the value used herein (a reducticn in thickness could be
produced by either slip-flow effects or the use of a different base for
the Reynolds number), the recovery at the higt temperatures would be
decreased by approximstely 1 and 5 percent, respectively.

Secondly, the velocity profile of the bovndary layer was assumed
to be quadratic. Changing the order of the profile from second to first
or to third produced virtuslly no change in tkre recovery factor for the
range of Knudsen numbers of the test.

The Maxwell reflection coefficlent, o, ard the thermal accommodation
coefficient, o, were taken as 0.90 for these znalyses. A variation of
-10 percent (from 0.90) for o and o produces a l- and 2-percent
increase, respectively, in the recovery factor. Very little is known,
however, of the correct value of these parameters for the surface condi-
tions and wall temperature of the present investigation. A discussion
of these factors 1s given in reference 8 where they are indicated to be
a function of wall temperature. This Is especilally important for the
thermal sccommodation coefficient since, at the wall temperatures herein,
the internal vibrational energy was excited and this may have caused a
much greater variation in '« than considered.

Also, the accuracy of the basic experimental data could affect the
recovery factor presented herein. The accuracy of the thermocouples for
the wall measurement was taken as *1 percent, the manufacturer quoted
accuracy. A l-percent variation in wall temperature produces a
corresponding l-percent variatlon in recovery factor. The stagnation
temperature was taken as that indicated by the probe. If the probe
itself had a recovery factor and radlation losses, this value would be
low, or if the pebble bed radiated to the probe, this value would be high.
A tl-percent variation in stagnation temperatiire produced a Fl-percent
variation in recovery factor.

In the preceding paragraphs the factors «ffecting the behavior of
the recovery factor in the high-temperature low-density range have been
dlscussed briefly. Although no explanation can be glven for the cause
of the trend noted herein, it is evident that no single source or combin-
ation of sources of error of the magnitudes m:ntioned was able to alter
apprecilably the trend of decreasing recovery Zactor with increasing
temperature. However, it must be remembered that the correct values of
some of the parameters are unknown, especially the thermal accommodation
coefficient, and sufficilently low value could completely alter the present
trend. Corroborating these results with others must be postponed until
other high-temperature data become avallable.

oW =
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CONCLUDING REMARKS

Wind-tunnel tests were conducted to determine whether the recovery
factor can be predicted by the simple square root of the Prandtl nurber
rule at stagnation temperatures approaching those encountered in flight.
Data were obtained for a Mach number of h.5 at a stagnation temperature
of about 600° R, and for a Mach number of 6.0 at stagnation temperatures
between 1200° and 2600° R. The Reynolds number for all tests was less
than 2.5%X10° and for the Mach number 6.0 tests in particular, the
Reynolds number was always less than 10%, thus introducing slip-flow
effects.

From the data shown, the Prandtl number rule is believed to be
vallid for estimating the recovery factor in the range of temperatures
considered. The Prandtl number used herein is based on a reference
temperature T'; however, because of the nature of the experimental data,
no conclusion can be drawn as to the necessity of using this temperature,
as opposed to say the static temperature of the gas at the cone surface.,

The recovery-factor data of the hot-flow tests also indicated two
definite trends: one of increasing recovery factor with decreasing
pressure, and one of decreasing recovery factor with increasing temper-
ature. The first trend was seen to be in agreement with the present
theories; that 1s, in slip flow an increase in the recovery factor with
decreasing pressure (or Reynolds number) would be expected. The second
trend, that of decreasing recovery factor with increasing stagnation
temperature, was shown to be contrary to what might be expected 1n the
slip-flow regime since the Reynolds number decreased with inereasing
temperature. The cause of this trend could not be explained, but, it
was pointed out that no single source or combination of sources of
error of the magnitudes considered was able to alter appreciably the
trend of decreasing recovery factor with increasing temperature.
Therefore, thls trend should be viewed with reservation until other
high-temperature data become availsble for corroboration.

Ames Research Center
Natlonal Aeronautics and Space Administration
Moffett Field, Calif., Mar. 20, 1961



APPENDIX A

A THEORETICAL SOLUTION OF INVISCID CONICAL FLOW OF REAL

GASES AT TEMPERATURES BELOW DISSOCTATION

A necessary prerequisite to the determinntion of the transfer of

energy from a flowing gas to a body in contac', with that gas 1s a

thorough knowledge of the properties of the f.ow fleld. For flows of

alr wherein the local static temperatures are low, the alr can be

considered ideal, and convenient solutions ex st for most simple flows.
However, for local static temperatures greater than about 700° R, air
can no longer be considered an ideal gas and i1t 1s necessary to develop

an exact solution for the conical flow of a r:al gas.

Because the solution presented herein is of interest to the general

field of high-temperature gas dynamics, 1t is presented in a manner to
mske it entirely independent of the experimental portion of this paper.

The solution, as discussed in this part, has been programmed for

an IBM TO4 computing machine and is available upon request to Ames
Research Center.

Determination of the properties of a conical flow field involves

the simultaneous solution of the following eguations:

é%.(pv sin 6) + 2pu sin 8 = 0 (Cont inuity)

v = %g (Irrctationality)
udu+ v av + %E =0 (Mome ntum)

h o+ 35515 = ht (Energy)

h = h(p,p) (State)

A suitable combination of equations (Al), (A2) and (A3) yields the
well-known Taylor-Macoll equation for conica. flow (see ref. 18)

2 du
+ cot 6 ==

&)=

d2u
ae3

(A1)

(n2)

(A3)

(Ak)

(A5)

(46)

oW
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which is basic to the solution presented herein. The use of the above
set of equations assumes that the gas 1s Ilnviscld, 1s everywhere in
thermodynamic equilibrium, and i1s isentropic before and after the shock
Wave.

The equation of state for the gas used in this paper is the Beattie-
Bridgeman equation with provislon for variable specific heats. Cholce
of this model for the gas was based on the following:

(1) This equation of state 1s an sccurate representation of gas
characteristlics up to temperatures where dissoclation (diatomic
and polyatomic molecules) and ionizatlion (monatomic molecules)
are encountered.

(2) This equation is accurate at densities where intermolecular
forces should be considered.

(3) Constants required in the Beattie-Brldgeman equation of state
are avallable for a large number of gases.

Table I presents the constants needed to make the Beattie-~-Bridgeman
equations applicable for a number of the more common gases of current
interest. For a more complete table of the Beattie~Bridgeman constants
see reference 19. Data pertaining to the vibrational energy levels of
other gases can be obtained in references 20 and 21.

The discussion of the solution is divided into three main areas:
(1) Determination of flow characteristics ahead of the shock wave.

(2) Determination of flow characteristics immediately behind the
shock wave.

(3) Determination of the flow field between the shock wave and the
body.

DISCUSSION

Condltions Ahead of Shock Wave

In general, the conditions ahead of a shock wave are defined by one
of two sets of three variables. In free-flight Investigations the
varisbles usually specified are velocity, statlc temperature, and static
pressure. In wind-bunnel Investigations the variables usually specified
are Mach number, stagnation temperature, and stagnation pressure. The
first set 1s used in this paper as the direct input to the calculation
of the flow through shock waves. Hence, where the second set 1s specified,
a considerable amount of calculation i1s required to transform these
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variables into those of the first set with the inclusion of real-gas
effects. The required transformation equations are the subject of this
section, and as presented herein are solved 'y an iterative process.

In solving for the temperature and pressure that satisfy the set
of initial conditions, recourse 1s made to tle usual conditions of
adiabatic reversible flow. However, to account for the differences
between an ideal gas and the Beattie-Bridgemen gas (see ref. 22), the

enthalpy, the entropic equation of state, an¢ speed of sound equations
are modified as follows:

h = Jh = JG,T (A7)

_7__

f?{ Dy, Kt <f> G{{O (a0)

a=~/_]:_§=\/ﬁ (A9)

The correction factor for the enthalpy equation is given by:

]

J=l+7l[G+p<B - 2ho e

Y RT 3
N
p2 i Aof _ 2 Boc _ Bob + ps a-BobC W
2RT 2 O y = /|

where G 1s glven below in general form and the necessary constants
are presented in table I for the gases considered of interest herein.

diX46 h
[z 1 1=1,2,3,k
1 eXP(QVi/T)- -

[®]
i
Hl~

The correction factor for the entropic ejuation of state is given
by:

X=

*IJ[I:IJ

(1 + e1p + e2p® + esp3) (A10)

where e, E, and F are given below (see table I for necessary constants)

OHW =
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= B Ao c
€1 = bo = RT ~ T3
At Boe
Bsbe
eg = Os
T
ds+X
[ QW/T J 141
2] T) =1
E = H e@( Vi/) i=l,2,3,h‘

1] 1- exp(-6vy4/T)

|
4

Boe Bob
oo s (i) e (5 -)

Bobe
)

The correction factor for the speed of sound 1s glven by:

I1=21
7

(1 + 2e1p + 3epp” + Legp3)

(a11)

In order to calculate the above correction factors, the density
and specific heats of the gas must be calculated for the Beattle-Bridgeman

gas. The density 1s glven by
p=%5 (1L + g + g=p? + gap®)
where
81 = = ®7

go = 2e12—e2
(rRT) =

_ [5e1(ez-e17) ~es]
(RT)®

(A12)
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The specific heat at constant volume 1s g¢iven Dby!

— 6Re Bo Bob
CV=CV+CVib+-q-j—3~—p<l+—é—p—__3_2 (AlS)

where c¢yqp 1s given below and T, as well s the constants for cyqp
are glven in table I.

9vi/2T 2
1

sin h(8yy,2T)

The specific heat at constant pressure i: gilven by

2¢ N
<} t 03 9> <} + Bep + Bobp%)

1+ 2e1p + 3epp® + kegp3

The ratio of specific heats, 7y, is by definition

c
7 =% (A15)
'

Since the forms are known for the variousi correction factors and
thermodynemic properties for the Beattle-Brild¢eman gas, the iterative
process to determine the static temperature, static pressure, and veloclty
proceeds in the following manner. As a first approximation, the statlc
temperature and pressure are taken as the idecl-gas values; namely,

T=my <1 + Z-él M2>_:“ (816)

-2

5§

~7

D = Dy <l + 7%:5 M2>- (A17)

The values for static temperature and pressure are then used to
calculate the correctlon factors for the Beatile-Bridgeman gas. The
static temperature for the Beattle-Bridgeman gas 1s then found from

TJ
T = -%3 (1-x) (A18)

OHW >
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where

T =;1_ K
2= (8) 7 R )
and the veloclty 1s glven by
U= M (A20)

The degree of accuracy of the temperature and pressure given by
equations (A18) and (A19) 1s dependent upon the initially assumed
values glven by equations (A16) and (A17). It is usually necessary to
iterate the solution which involves using the values calculated in
equations (Al18) and (A19) to re-calculate the correction factors and
then repeat the solution of equations (A18) and (A19).

The significant characteristics ahead of the oblique shock which
are required to calculate the flow immediately behind the oblique shock
are the vectoral quantities Tt , Py and M”n' The use of the

vectoral quantities perhaps bears some explanation. When the momentum
and energy equations normal to the wave are wrltten

P+ me@nZ = const = Pﬁm (A21)
n
U,z
T,
h, + —5— = const = htoon = h(TtOOn, Ptmn) (A22)

it 1s observed that the normal stagnation conditlons must be used. These
gquantities in general are different from the free-stream Mach number and
stagnation conditions. The normal Mach number is glven by:

M, = Msin 65 (A23)

The evaluation of the stagnation temperature and pressure normal
to the shock wave proceeds as follows, where the statlic conditions and
Mach number are glven in eguations (A18), (A19) and (A23), respectively.
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The stagnation temperature normel to the shock wave 1s glven by

_ __ Twdoo
Ty, = 3;;;33:§3- (A2k)

where X 1s evaluated for Mﬁn' The stagnation pressure normal to the
shock wave 1s given by

PKg,

Dt (A25)

- n
N -—
o ([T \
o \ T ) 77

As a first approximation to the above temperatures and pressures,
the ideal gas values of

Thon, = T (1 + 7-‘; Ng;) (A26)

and

"

Dty = D <l+7:_len2>§ﬁ (A27)
op  Hoo 2

can be used where T and P are the free-streamn values determined pre-

viously ((A18), (A19)). This solution is also iterated wntil sufficient
agreement 1s found.

Conditions Inmediately Behind Saiock Wave

If the conditions in front of the shock weve are known, the static
temperature and pressure behind the shock wave can be found by an

iterative solution. As a first approximation, the following values
can be used:

Tz (27, ° -(7-1) 11 (7-1)1, %+ 2]
(7+1) "M, =

(A28)

and
_ oM, = -(7-1)

W >
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The density behind the shock wave is given by the following:

5 o o] [ )] e oo

where

T =

el

)
<1 + gip + g2p% + gap>

The temperature and pressure for the Beattle-Bridgeman gas are

then:
Tg = —T-%%E"P— (1-Xg) (A31)
where
Xs = Xeop <—§9§>2 (A32)
and
Ds = P [%%3—} (A33)

Here again, the requlred agreement for successive values of Tg4
and pg 1s obtalned by iteration.

The total Mach number and velocity behind the shock wave are glven
by the followlng relatiom.

The normal Mach number behind the shock is:

Moy = Moy / =P <§°§>2 (a34)

The tangential Mach number 1s given by

Mg tan = Mo tan [ T, (A35)



and the total Mach number 1s then given by:

My = M M2 (436)

The speed of sound behind the shock wave 1s given by:

ag = IFRTg (A37)
and the total velocity is
U = Mgag (A38)
The stagnation conditions behind the shcock wave are found from:

Tgds

= — (A39)
® T, (1-%)
where X 1s glven by equation (A32), and from
rV
Pk, /T, N\
by, = ot <_s_> 71 (440)
KS T'ts

The ideal-gas flow equations are used to detemine the initlal values
of Tt, and ptg used in the iterative solutiin of equations (A39) and

(A%0) .

Conditions Between Shock Wave and Body

In the conical flow field, between shock wave and body, the veloclty
and hence temperature and pressure are constant along radlal vectors
from the cone apex. The solution of the conical flow field is then s
step-by-step solution from one radius vector *o the next.

The velocity along any radius vector is iven by

~ du acu do2
usi = uei—l + <d6 i-lde + <é62 ) == (Ahl)

>

QO HW



O W

25

The velocity normal to the radius vector is glven by:

2
v - (@) - <d_u> ; (%_g (a42)
1 \8/y N\8/y., 6</1-1

where the Taylor-Macoll equation 1s used as follows:

e -

du)
2 + cot 8 —
d23> = AT dQ) ~ug (A6)
9%/1-1

2
.

The subscript 1 denotes any given radius vector, the first vector
(at an angle 64-29) being i=1 and so forth. The shock wave would
then be 1=0, at which the following boundary conditions are known:

1-1

.

6 = 0g

= U cos 64 (AL3)

o
|

v = =M, a

The entire solution 1s completed by numerical integration at each
subsequent radial vector (6-A8) until the radius vector equals the cone
surface half angle. The total velcecity on any given radlus vector is

given by
U=Juz + v2 (ALk)

At this point in the solution, values for stagnation temperature
(A39), stagnation pressure (A40), and velocity (Ak4) have been obtained.
Hence, with the exception of Mach number, the same quantities are known
as were used 1n determining the flow characteristics ahead of the shock
wave. As a first approximation to the value of Mach number, the following
is used:

% (415)

My =

a,
i1

This value of Mach number and the stagnation temperature and pressure is
then used in equations (A18) and (A19) to calculate the static tempera-
ture and pressure. Again this solution must be solved by iteration
because of the approximation for Mach number.
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A gquestion that always arises 1s, what quantity, if any, can be
used as a convenlent and invariant normalizing parasmeter for the velocity.
For this purpose, the only quantity that is truly invariant is the
stagnation enthalpy, which is analogous to the sguare of the stagnation
speed of sound of ideal-gas theory, and 1s a parameter used to normallze
the velocity

W o= (AL6)

U
NETS

The solution is continued until vy = O, which is the boundary
condition for the cone surface.

In using a solution of this type, for any assumed values of M,
and G4, the half-angle of the cone 1s unknown and given only by the
complete solution. If the condlitions for a cone of definite half-angle
are desired, several solutions can be run, and the flow field for the
cone interpolated between two solutions. ©Shown in table II are sample
solutions for 10°, 20°, and 40° (half-angle) cones at 1000°, 2600°, and
3600° R.

The largest effect of increased temperature on the properties of
a conlical flow field 1s seen to be in the valies affected by the internal
energy of the gas (i.e., vibrational energy). The enthalpy is naturally
expected to increase with temperature, and the calculations show, for
the higher temperatures, significant changes in the specific heat, Cp
and y. The pressure and, hence, the pressure drag are seen to be
unaffected by temperature.

For the temperature and cone angle considered, the effects of
increased temperature are seen to be small. Eowever, for larger cone
angles, or higher temperatures, considerable departure from the ideal-gas
conical flow properties exist.

QO - W >
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APPENDIX B
DEVELOPMENT OF EQUATION FOR RECOVERY FACTOR

As pointed out in the introduction, several authors have found
that for fllight speeds greater than a Mach number of 3.5 the enthalpy
rather than the temperature of the gas must be used 1n evaluating the
recovery factor. For such conditions then, the recovery factor is
defined as

hr‘hc
r o=

= (B1)
htoo— h,

The quantities h, and ht ~ were determined directly from the measure-

ments of the flow characteristics of the wind tunnel, and the properties
of the conical flow field were determined by the methods discussed in
appendix A. The quantity h, 1s the enthalpy of the alr at the surface
of the cone under the conditions of no heat transfer to or from the cone
and of temperatures at equilibrium. The flrst condition did not exist
during the present test. Furthermore, the skin temperature of the cone
rather than the enthalpy term, h,, was measured. Hence, it 1s necessary
to use an Involved set of equations to reduce the skin-temperature data
to the desired enthalpy quantity, hy. The development and discussion of
these equations 1s the subject of this appendix.

To develop the equations for the recovery factor, 1t was necessary
to determine the heat balance into and out of an incremental volume of
the cone 1n the vielnity of the temperature-measuring station. The
incremental volume, dV, shown in the sketch below is bounded by two
sldes having areas, A; and As, and the external and internal surfaces
of area, A, and Aj, respectively:

m

—]
- - f




28

To the order of the differential length, dx, these areas and volumes
can be expressed in terms of A, as follows

- aA
Az = Ay + o dx (B2)
dx
= - m2) —
Ay = (Ay - m3) ——— 5 (B3)
dx
= 2) e—————
dhe = (A + m2) ros (B4)
dv = Aydx (B5)
where
A; = n(2xm tan ¢ - m2)
and
dA _
= = 2mm tan @

The various heat flows comprising the net total heat to the volume, 4V,
are:

1. The conductive heat transfer along the metal skin, Q1 and Qg-

2. The radlative heat transfer from the cone surfaces, Qri and Qre'

3. The convective heat transfer from the air to the cone surface, Qc.

Each of these forms of heat transfer will be discussed in the following
sections.

It should be noted that during the present tests, the cone tempera-
tures used to determine the recovery factor were measured after the

model reached equilibrium temperatures so thet steady-state technlgues
were used in the following derivations.

CONDUCTIVE HEAT TRANSEER

In deriving the conductlve heat-transfer equations, two assumptions
were made:

1. No temperature gradient across the ckin thickness.

2. No circumferential temperature gradient.

Dt
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The equation for the conductive heat transfer into 4dV 1s given by:

Qi = -kmhj I (B6)
and the heat transfer out is given by
a ATy
Qo = -kmho 7| Ty + 33 d%> (B7)

(Wote: The minus sign arises in equations (B6) and (B7) because x 1s
in a direction of positive heat flow; that i1s, Ty decreases with positilve
x, so that dTw/dx will always be negative. The minus sign must
therefore be included for these equations to be compatible.)

The net transfer of heat by conduction to volume dV d1s then given by
(neglecting second-order terms in dx)

dQoi = Q1 - %

dA dT dZTW
= kpy '&—a-;(—-i-Al T2 dx (B8)

where Ap has been expressed in terms of Ay; kp is the thermal
conductivity of the metal; and Ty 1s temperature measured at the wall.

The above equation regquires a knowledge of the temperature gradient
along the cone. In determining the values for dTw/dx and d=T,/dx?, the
data for each thermocouple station were fitted to a second-order
expansion of the form T = ax® + bx + c¢. In thls way a conslstent
approach to obtalning the derlvatives was assured.

Also required in the above equation 1s the thermal conductivity of
the material. For the material used (stainless steel 416) the conduc-
tivity was obtalned from reference 23. The variation with temperature
of the conductivity 1s shown 1n flgure 12.

RADIATION HEAT TRANSFER
Radlation to External Surroundings
For the present investigation, the radiation heat transfer was

determined experimentally by allowlng the model to cool in the wind
tunnel under conditions of zero flow, a near vacwmm, and tunnel-wall
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temperatures the same as those used to measurs the recovery factor. The
temperature of the cone as it cooled was measured as a function of time
and the quantity (dTw/dT)ZF in relation to the cone temperature was
obtained and is shown in figure 13. During these tests to determine
the radlation heat transfer, it was noted that the temperatures at the
three measuring stations along the cone surface and at the front
radiation shield were the same, thus indicating no conductive heat
transfer along the cone or internal radlatiorn to the shleld. Hence,

the radiation heat transfer from dV to the external surroundings was

glven by:
Wre = pmpm< > v

Substituting equation (B5) into the above equation gives

aT
ere = ~PmCpyy Aq <ﬂfw Fdx (B9)
z

where
Pm density of materlal
Cpm specific heat of material

T time

Unfortunately, experimental data giving the specifilic heat of the
material, cpp, as a function of temperature for stainless steel 416

could not be found in the literature. Consecuently, the values used
for cpy, were derived from the emplrical exyression:

Cpm = Zwl W (B10)
where
Wi fraction of specle 1

c1 molar heat capaclty of specle 1

My molecular welght of specle 1

O HW >
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The chemical composltion of the stalnless steel 1s glven in table III

and values of Cpp in relation to temperature are shown in figure 1k.
(As & matter of interest other vaelues of k, and Cpy For different

steels are presented in figures 12 and 1k, respectively. Data are
from references 24 to 28.) Note that the experimental cp values for

stainless 403 (composition nearly the same as 416, see table III) has
a similar trend to that glven by the theory for 416 and 403.

Radiation to Internal Shields

In contrast to those measurements made to determine the external
radiation while the model was cooling, the temperature of the cone
surface and the internal radiation shields were not the same for the
steady state (flow-on) tests. The equation for thermal radiation
between the Internal surface of the cone and the radiation shield was
derived using the approach of reference 2, and is given by

4
dQry = €o(Ty - Tg*) (Fi-s + Feo1)dAy

where
€ emissivity of unoxidized platinum
(o] Stefan~-Boltzmann constant

Ty temperature of front radiation shield, °R
Evaluating the form factors gave:

Fi_s = gin @

and if equation (B3) is substituted for dA;, the internal radiation is
given by:

- 2
dQry = eo(T,* - Tg*)sin 9 % dx (B11)

The emissivity, €, 1s shown as a function of temperature in filgure
15. The data were obtained from reference 29.
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CONVECTIVE HEAT TRANSFER

In this section, the basic equation for convective heat transfer
to a flat plate in continuum flow will be pre:ented. Various correction
terms to the baslc equation will then be presented in order that the
results be applicable to the present investigetion.

Basic Equation

The equation for convective heat transfer to a flat plate incorpo-
rating the variation of the fluld properties vith temperature 1s given
by (see ref. 4)

dQc = 3600 CEpeUs(hy - hy)dhe

where
Cuy dimensionless heat-transfer coefflcient
hp recovery enthalpy
h. enthalpy at wall
P air density at edge of boundary layer
Ue velocity at edge of boundary layer
and the factor 3600 converts the unit time from seconds to hours.

Tt will be noticed that the convective h:at transfer is then pro-
portional to the difference between the recov:ry enthalpy, which is
required to determine the recovery factor, ani the enthalpy at the wall,

which can be computed from the temperature meisurements made in the
investigation.

Van Driest (ref. 4) calculated the dimensionless parameter,

CH\jReC, for a laminar boundary layer on an iasulated flat plate at
various stagnation temperatures. His result ls plotted in flgure 16.

Fxpressing Ae 1n terms of Aj, the basic equation for the convec-
tive heat transfer becomes
PeUc Ay + mm®
m cos @

dQ, = 3600 (CH Re,)

(hr - bw) dx (B12)

Rec
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Correction Factors Consildered

The basic equation i1s for an Insulated flat plate in continuum
flow whereas in the present case, a cone in the slip-flow regime is
being consldered (see fig. 4). Correction factors are required to
account for these differences. A summary of the theoretical and
experimental approach of the effect of slip flow on heat transfer is
given in reference 30 and the applicable equatlon is

= Q¢ @%} B (B13)

where the bar denotes slip flow and B 1s a function of the slip
veloclty ratio, In addltion, the transverse curvature of the cone will
have an effect on the skin friction. In reference 30 or 31 1t was

shown that when %¥*cos ®/R is less than or of the order of unity (for
the present tests d*cos @/R where 8% 1s boundary-layer displacement
thickness and R 1s local radius of external surface of cone, was

always less than 0.30), the skin-friction coefficient, cftr’ 1s given by:

Cftr = Ger
or

Eftr = Gep (B14)

where the subscript tr denotes transverse curvature.
Combining the correction factors and considering the effect of

transverse curvature gives the convective heat transfer In the slip-flow
region:

gy, =3 BG( )dQc (B15)

where the factor NF§ transforms the baslc equation from that for a
flat plate to that for a cone (see ref. 32).
The factor B 1s given by (see ref. 30):

FUW\/F<1-C2U) ( T J;T-L;—Cl%)z

B = (B16)

AT

'
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where
. 8y <} - > /g >
l:x
G+yyee L * /2-79
_ 2y R g 2 - ay) L
Co =1 - ) -
7 +1/\2 - e Pr
n (? - > Kn
Uy ¢ .
T (sl-p veloclty ratio)
¢
2 o
l+n K
<\ o > &
n = T-To
TtOO—Tc
and
n order of velocclty profile
c
7 ratio of specific heats, EE
v
g Maxwell reflection coefficient
o thermal accommodation coefficlent
Xn Knudsen number
Pr! Prandtl number evaluated at reference temperature

The factor G 1s given by (see ref. 31):

T
G=1+¢ [0.517 + 0.913 TE + O.lEl(y-l)MCZ}
Cc

£ = 1 Ce
J3 tan o JRec

where

W =



O W

35

by T

Ce = o T

Hao W
and

M coefficient of viscosity with subscripts w referring to wall and
¢ to outer edge of boundary layer

The coeffilcient of viscosity, u, is given by Sutherland's equation
(ref. 12) as

e/ 2

po= 26k, 08lx107° T T 508 (Bl?)

The factor (Sf/cr) 1s glven by (see ref. 30)

E - 5-5[f(L) ]:L/Z (318)
cf (2 + 1)
where
I, = 1
@ (252
and.

12, 8 2+ L 16 - 13
f(L) —1—6+1—5{:10ge< P >—l.o:]+-]—:-5—(—2-—:T)

The Knudsen number isg required to evaluate several of the previous
terms. The Knudsen number as used hereln 1s defined ast

Xn =

o>

where A, the local mean free path, as determined from kinetic theory
1s given by

A= 1.26J75%
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and the boundary-layer thickness for an insulated flat plate (ref. 33)
1s given by

5 = 2:9 X (1 + 0.08 }2) (B19)
JRe

By the application of the Hantsche-Wendt (ref. 32) transformation
from a flat plate to a cone the Knudsen number can be expressed ask

0.756 M, /70
Kr = Te!
(1 + 0.08 M;2) JE

(B20)

Correctlon Factors Neglected

The effect of boundary-layer dlsplacemert on heat transfer was
neglected because 1t was found that for each test condition the hypersonlc

interaction parameter [f = MmBL/Ce/ Re.) ] never exceeded a value of 0.3
(see ref. 30). Such low values imply that tte interaction between the
boundary layer and inviscld flow reglon is weak.

ENERGY BAIANCE

Since the data were taken at equllibrlwm. conditions, the net heat
transfer to the volume dV can be written ac

0 = dQoy - dQre - dQpy + Qe (B21)

1The transformation gives for the cone values
M =43 A (see ref. zk)
8 = 6/f§ (see ref. =5)

where A and B are the flat-plate values.

OHW
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Substitution of equations (B8), (B9), (Bll) and (B1l5) gives

da, ATy 43Ty <é1h>
0= kyp | /L L + Ay =2 ) dx + ¢
B\ 'a&x ax T %2 PmCpmfL at /yp

dx

Al - Jm’l2) ax
m cos O

c PcU (Ax =
+J3 BG (;%) 3600 (CH\Reo) —= (Br - By) i czsﬁ$ L ax
c

Fee

~eo (T - Tg*)sin @

(B22)

Thus, 1t is possible to write
hI' = hw. + K (B23)

where K 1s the total correction to the measured enthalpy of the air
at the wall to determine the recovery enthalpy.

In terms of the measured quantities,

T
hW =\/\ cpTw
o

where cp 1s the specific heat at constant pressure.

Solving equation (B22) for X gives

cr N polUa(Ay + ™) 72 aA, ATy
K = | 6236 BG | — <? R cc Sk — ——
[ . <9%> HVFee ) " cos o .[Ree m 3x dx

dzT dTW 4 A4 - m2 i
- kmhi Yo PpCpgAl <?FF> + eo(T,* - Ty*)tan o —l;ir———
ZF

d_xz
(B2k)

in which all terms can be calculated from the measured cone temperatures,
wind-tunnel flow characteristics, and the relationshlps derived herein.
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TABLE ITT.-

COMPOSITION OF STAINLESS {TEEL

Composition,
Element percent,

416 403
Carbon, C 0.15 0.15
Chromiwum, Cr 13.00 13.00
Iron, Fe 83.97 | 34.85
Mengsnese, Mn 1,00 1.00
Molybdenum, Mo 0.60 ——
Nickel, Ni - 0,50
Phosphorus, P 0.0k —
Silicon, S1 1.00 0,50
Sulfur, S 0.2k _—

416 AND LO3
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Mach number, M
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Reynolds number, Re

Figure 4.~ Flow regions of investigation for hot-flow tests.
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3200
T,m,°R M, Pte PSiQ
O 1301 587 6.52
(3 1247 598 12.47
2800 < 1531 588 6.60
A 1437 598 12.16
4 1880 588 6.60
ad 1854 6.00 12.45
QO 2045 586 6.54
2400 Q 2137 5.94 1256
) 2163 590 6.56
() 2283 596 12.37
& 11 2361 5.80 6.60
i N 2532 5.98 12.52
= 2000 (1l =2.8361in.)
o
2
2
a2
g 1600
2
Q
(&)
O ‘]
b g ae
» 1200
[\H
c
(o]
(@)
800
400
0
0] .4 6 .8 1.0

X/1

Figure 8.~ Temperature distribution along hot-flow model.

QW >



W >

o7

1700 Th le stoti 0.5 i
ermocouple sto on, x= 0. n,
7 !
x= 1.5 in. — I
1600 e / !
|
1500
/ // Zi=550 sec
equilibrium
1400 7 M.=5.96
T, *2283°R
pt =12.37 psia
t300 =
°. 1200
’_
noor—+ —4—mmmh——
1000
S00
800
700
0 100 200 300 400 500 600 700 800

Time, T,s€c

900

Figure 9.- Representative surface temperature~-time history for hot-flow

model.
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20
Data Ref, 25
— — ——Data Ref. 24
—————Data Ref. 27 {7-7 PH—
i8 - Data Ref.28 //

T
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\
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\
\
\
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\\ J \
N \

N

.
/ 316

Thermal conductivity, k
o)

0 4 8 12 16 20 24x10°?

Temperature, °R

Figure 12.- Thermal conductivity of several types of stainless steel as
a function of temperatvire.
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Figure 13.- Rate of change of surface temperature with time as a function
of surface temperature for the radiation tare runs (Moo = 0, Pt = 0).
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Platinum (unoxidized)—
(See ref.29)

/

o
@

l®)
o
~N

Total emissivity, €

.04 /
A

02

0 400 800 1200 1600 2000 2400
Temperature, °R

Figure 15.- Emissivity of unoxidized platinum as a function of temperature.
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